because the byproducts from photolysis negatively affected ciliary function. The transport velocity at the surface of bronchial and nasal spheroids was estimated to be 2.96 and 3.62 mm/min (medians), respectively, which is in the same range as mucus transport velocity measured in vivo in humans. Conclusions: This setup can be used to study mucociliary transport function under controlled conditions in vitro, in particular as RF is likely to refl ect not only ciliary beat frequency, but also the coordination of ciliary beating and the properties of the mucus.
Introduction
The measurement of ciliary beat frequency (CBF) is well introduced for the assessment of mucociliary function. It is commonly performed in isolated patches of cells in the absence of mucus. However, coordination of the ciliary action and the properties of the mucus are not taken into account. Therefore, CBF only partially incorporates the factors affecting epithelial transport capacity in vivo [1] . One alternative approach is the quantifi cation of mucus removal in terms of particle transport velocity in vivo and in vitro .
Cultured spheroids of respiratory epithelium consist of a layer of respiratory epithelial cells which maintain
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Functional assay ؒ Isoproterenol ؒ Mucociliary function ؒ Mucus transport velocity ؒ Rotation ؒ Spheroids Abstract Background: We evaluated a new in vitro model for mucociliary transport function. Spheroids of human respiratory epithelium show beating cilia at their surface. When cultured in their own mucus, spheroids can rotate along their axis due to coordinated ciliary beating. Objective and Methods: To assess whether this setup yields meaningful results we measured rotation frequency (RF) of human bronchial or nasal epithelial spheroids under different temperatures and concentrations of isoproterenol. Isoproterenol was administered either as caged compound releasing active isoproterenol after illumination with UV light, or through a permeable membrane in a two-chamber system. Results: Under stable conditions, RF remained constant over 200 min. Between 27 and 35 ° C, there was a temperature-dependent increase: RF 27 ° C = 0.27 8 0.08 s -1 , and RF 37 ° C = 0.43 8 0.10 s -1 (means 8 SEM). Isoproterenol (10 -5 , 10 -4 and 10 -3 mmol/l) induced concentration-dependent increases in RF (9, 20 and 25%, respectively; medians) if applied in the two-chamber system. The experiments with caged isoproterenol did not yield conclusive results, probably cell polarity and beating cilia at their outer surface [2, 3] . Spheroids cultured in their own mucus can rotate along their own axis because of coordinated ciliary beating. We hypothesized that the rotation frequency (RF) refl ects the transport capacity of ciliated epithelium.
To evaluate the feasibility of this approach, we assessed in the present study whether RF of human respiratory epithelial spheroids can reliably be quantifi ed. Specifi cally, human bronchial epithelial spheroids were tested for the effects of time, temperature and different concentrations of isoproterenol. Since mechanical stimulation while adding solutions could theoretically affect the results [4] we compared two methods of applying isoproterenol more gently. The fi rst method was to use 'caged isoproterenol'. Photolabile caged derivatives lack biological activity and can be applied to cells under steady-state conditions without evoking biological responses. The biologically active molecule is then released in the concentration desired following illumination with ultraviolet light. At the same time, a side product (the protecting or caging group) is set free, which should be biologically inactive. In the second method, isoproterenol was delivered through a permeable membrane in a two-chamber system. To determine whether RF of nasal and bronchial spheroids was in a physiologically meaningful range, we also calculated an equivalent of the transport velocity at the surface of the rotating spheroids from their individual RF and diameter.
Materials and Methods

Harvesting and Culture of Spheroids
In patients undergoing bronchoscopy for diagnostic or therapeutic reasons, the mucosa of a main bronchus was scraped off with a standard cytology brush to obtain bronchial epithelium. For harvesting human nasal epithelium, the posterior nasal mucosa of healthy, nonsmoking volunteers was scraped off. Patients with HIV or any other acute respiratory infection were excluded. All procedures had been approved by the Institutional Ethical Committee.
The mucus-containing stripes of bronchial or nasal epithelium adhering to the brush were removed by shaking them in a test tube containing bronchial epithelial growth medium (PromoCell, Heidelberg, Germany). The mucus clots were washed two times by carefully pipetting them into Petri dishes fi lled with medium. The methods were similar to those previously described for organ cultures of respiratory epithelium [5, 6] : Briefl y, agar-coated multi-well dishes (0.75% w/v) were prepared according to the following medium formulation: DMEM supplemented with 1,000 g/ml glucose, 4 times the DMEM-prescribed concentration of nonessential ) containing the spheroids, mucus and little medium was placed into the chamber thus creating a second compartment. The lower compartment was fi lled with medium and connected to a small-volume perfusion pump which permitted to replace the medium with the isoproterenol-containing solution at a defi ned rate. Isoproterenol molecules diffused through the membrane of the cell culture insert and thus reached the spheroids. This setup permitted to reduce mechanical stimulation of the spheroids during the application of isoproterenol. amino acids, 10% newborn calf serum, penicillin (10 U/ml), streptomycin (10 g/ml) and amphotericin B (1 g/ml); all components were obtained from Life Technologies, Eggenstein, Germany.
The mucus-containing stripes of epithelial cells were then placed into agar-coated wells. Small amounts of bronchial epithelial growth medium containing 10% newborn calf serum were added in a way that the medium just covered the mucus clots. Cultures were incubated at 37 ° C, 5% CO 2 , with medium changes every 3 days. Rotating spheroids of respiratory epithelium could be identifi ed after 24-48 h of culture using inverse microscopy. Three-to 10-day cultures were used for the experiments.
Measurement RF
Mucus clots with single, rotating spheroids were carefully transferred into a transparent, temperature-controlled chamber ( fi g. 1 a, b) containing 200 l of serum-free, HEPES-buffered DMEM. Images of the rotating spheroids were recorded using a microscope (Stemi 2000; Zeiss, Oberkochen, Germany) equipped with a CCD camera (Hamamatsu Photonics, Hamamatsu City, Japan), video recorder and timer (Panasonic, Matsushita Electric Industrial Co., Osaka, Japan). The frequency of sampling was 30 frames per second. Based on the fact that each spheroid had its particular irregular form which could easily be recognized, the time needed for a full rotation was determined by analyzing the videotapes off-line ( fi g. 2 ). For each measurement, three full consecutive rotations were counted and rotation frequency (s -1 ) calculated from the time needed for three rotations.
Fig. 2.
Repeatedly acquired phase contrast micrographs of a bronchial epithelium spheroid during a complete rotation. While the larger spheroid with cilia at its surface rotates along its own axis, a second nonciliated smaller spheroid does not. The characteristic form of the spheroid permits to quantify RF.
Stimulation with Caged Isoproterenol
Caged isoproterenol [N-(2-nitrobenzyl)isoproterenol; Mobitec, Göttingen, Germany] was dissolved in DMEM with 0.5% (v/v) DMSO to a concentration of 10 -2 mmol/l. DMEM was then added to reach the fi nal concentrations of isoproterenol. During the experiments, the active agent isoproterenol was released by applying UV light ( ; 340 nm) for 3 s (UV-6 SL; Herolab, Wiesloch, Germany) [7] .
Stimulation with Isoproterenol Applied in a Two-Compartment Perfusion Chamber
The above-described temperature-controlled chamber was modifi ed by placing cell culture inserts containing polyethylene terephthalate track-etched, translucent membranes (8-m pores, 
Experimental Protocols
Dependency of RF on Time . Bronchial spheroids were incubated at constant temperature (36 8 1 ° C) for 210 min. RF was measured 7 times during the observation period.
Dependency of RF on Temperature . Bronchial spheroids were exposed to temperatures rising in steps of 2 ° C from 27 to 41 ° C every 4 min. RF was measured about 3 min after the last increase in temperature.
Experiments with Caged Isoproterenol . Bronchial spheroids were randomized to incubation with either DMEM or 10 -5 , 10 -4 or 10 -3 mmol/l caged isoproterenol in DMEM. Spheroids were placed into the measurement chamber (36 8 1 ° C) and given 5 min to adapt to these conditions. After baseline rotation had been assessed over 5 min, UV light was applied and spheroid rotation was recorded for the following 20 min. In order to check for potential artifacts, additional experiments were performed using DMSO and nitrobenzaldehyde for incubation. Nitrobenzaldehyde was used as a substitute of 2-nitrosobenzaldehyde, which is the byproduct of photolysis of caged isoproterenol but not commercially available. DMSO was used as it was necessary for solving the caged isoproterenol in culture medium. Spheroids were incubated with DMEM plus 0.5% DMSO (v/v), or DMEM plus 10 This experiment was performed with the spheroids of 9 patients (median age 65 years, range 55-79).
Measurements Using Nasal Epithelial Spheroids . Baseline RF was assessed at a constant temperature of 36 8 1 ° C. A defi ned magnifi cation was used in order to calculate the size of the spheroids. The spheroids of 18 donors with a median age of 24 years (range 20-50) were used.
Data Analysis and Statistics
Data are given as means 8 SEM or as median values, depending on data distribution. Changes in RF as a function of time, temperature or isoproterenol were assessed by one-way repeated-measures analysis of variance (ANOVA). Post hoc comparisons were performed by paired t test using appropriate Bonferroni corrections. To compare baseline values in different experimental groups, Kruskal-Wallis one-way ANOVA on ranks or the Mann-Whitney U test was used. Kinetics of RF in different experimental groups were compared using the two-way repeated-measures ANOVA and the Tukey test. The Pearson product moment correlation was used to assess the dependence of RF on the spheroid size. All analyses were performed with the SigmaStat statistical software package (Jandel Scientifi c, San Rafael, Calif., USA).
Results
Spheroids spontaneously formed in 72% of bronchial samples. Rotating spheroids could be observed in 55% of the cultures. Nasal brushes yielded spheroids in 94% of the samples and rotating spheroids developed in 83%.
Baseline RF
In 141 previously untreated, bronchial epithelium spheroids, baseline RF was 0.42 8 0.15 s -1 (mean 8 SEM). In 141 nasal epithelium spheroids, baseline RF was signifi cantly lower: 0.21 8 0.12 s -1 (p ! 0.05, MannWhitney U test). To assess whether these differences in baseline RF between nasal and bronchial spheroids were related to the fact that nasal samples were taken from healthy, nonsmoking donors whereas bronchial samples had been obtained from patients probably bearing respiratory diseases, we additionally measured RF in 38 bronchial spheroids from a nonsmoking patient with ataxia who did not show evidence of respiratory disease and had been subjected to bronchoscopy solely to exclude the possible presence of a lung tumor. Basal RF in the bronchial spheroids of this donor was 0.25 8 0.11 s -1 and thus statistically signifi cantly slower than RF in the bronchial spheroids of the other patients.
Calculated Equivalent Transport Velocity
Transport velocity at the surface of the spheroids was estimated for the bronchial probes of the patient with ataxia and for the nasal spheroids by calculating tangential rotation velocity using the formula v = D ! ! RF, whereas v indicates the transport velocity at the surface and D the average diameter of the spheroid perpendicular to the rotation axis. Tangential velocity in bronchial spheroids was 3.62 mm/min (median), whereas in nasal spheroids it was 2.96 mm/min and thus signifi cantly slower (p ! 0.05, Mann-Whitney U test). Bronchial spheroids of the ataxia patient had a median diameter of 80 m (median); the diameter of nasal spheroids was 90 m (nonsignifi cant, Mann-Whitney U test). Furthermore, in nasal spheroids there was a weak but statistically signifi cant inverse correlation between RF and the diameter of the spheroids (correlation coeffi cient = -0.182; p ! 0.05, Pearson product moment correlation), consistent with the assumption that at constant transport velocity RF and diameter should be inversely proportional to each other. This relationship was not apparent in the bronchial spheroids.
Stability of RF over Time
RF of bronchial spheroids seemed to remain constant over 200 min under stable conditions ( fi g. 3 a). In the oneway repeated-measures ANOVA, no statistically significant differences were detected. The power of the test was however low (0.050), so that the fi ndings have to be interpreted cautiously.
Effects of Temperature on RF
In bronchial spheroids, an increase in temperature from 27 to 37 ° C induced a gradual, statistically significant increase in RF (p ! 0.001, one-way repeated-measures ANOVA). At 27 ° C, RF was 0.27 8 0.08 s -1 (mean 8 SEM), whereas it was 0.43 8 0.10 s -1 at 37 ° C. The corresponding relative changes are shown in fi gure 3 b. When temperature was further raised to 39 and 41 ° C, RF decreased and some spheroids even stopped. Additional experiments showed that if temperature was set from 37 to 27 ° C and raised again, the corresponding decrease in RF was reversible. However, when temperature was in- creased to 39 ° C and higher, changes in RF were partially irreversible (data not shown).
Effects of Isoproterenol on RF
In order to test the effect of isoproterenol, two different methods were used for the application of the compound. In both experiments, baseline RF did not significantly differ between the groups (Kruskal-Wallis one-way ANOVA on ranks). In the experiments with caged isoproterenol ( fi g. 4 a), illumination with UV light induced an immediate, statistically signifi cant increase in RF in the groups exposed to caged isoproterenol but not in the control group (p ! 0.05 for 10 -5 mmol/l and p ! 0.01 for 10 -4 and 10 -3 mmol/l caged isoproterenol at t = 2 min; two-way repeated-measures ANOVA and Tukey test). It seems reasonable to attribute this increase to the release of isoproterenol by photolysis. The maximum effect was found for 10 -4 mmol/l isoproterenol. After the initial increase, RF decreased again in the groups exposed to caged isoproterenol, especially at the highest concentration (10 -3 mmol/l). RF was constant over time in the spheroids that were exposed to medium only. When spheroids were exposed to DMSO or nitrobenzaldehyde RF continuously decreased ( fi g. When isoproterenol was applied via cell culture insert membranes ( fi g. 4 c), there was an initial slight reduction followed by statistically signifi cant RF increases of 20 and 25% (median values) in the spheroids exposed to 10 -4 and 10 -3 mmol/l isoproterenol, respectively (p ! 0.001 for t = 2 min to t = 5 min vs. baseline in both groups, Tukey test). In the group treated with 10 -5 mmol/l isoproterenol, the increase in RF was less pronounced (9%, median). Even smaller and nonsignifi cant changes in RF were seen in the medium control group. The effect was not only more pronounced but also lasted longer at the highest isoproterenol concentration. These results suggest a dose-dependent effect of isoproterenol on RF, but the differences between the effects of different isoproterenol concentrations were small and did not reach statistical signifi cance (two-way repeated-measures ANOVA).
Discussion
In the present study, we measured RF of human bronchial and nasal epithelial spheroids in vitro. The rationale for these experiments was the assumption that spheroid rotation by coordinated ciliary beating might be a comprehensive measure of epithelial transport capacity. Under the conditions of measurement, RF remained stable for more than 3 h and was dependent on temperature, whereby the values almost doubled between 27 and 37 ° C, consistent with the temperature dependence of biochemical and cellular processes. An acute increase in RF induced by isoproterenol was detectable, as already known for CBF, which suggests that RF is in fact a function of ciliary beating activity. The calculated equivalent transport velocity at the spheroid surface was about 3-4 mm/ min and thus of the same order of magnitude as particle transport velocity values measured in vivo.
Cultured spheroids of respiratory epithelium bearing cilia have been fi rst described by Corssen and Allen [2] and more recently by Bridges et al. [8] and Jorissen et al. [3] . In the nose of normal healthy humans, mucus transport velocity (measured scintigraphically using technetium-labeled macroaggregated human albumin) has been reported to be about 8 mm/min [9] , whereas tracheal mucus velocities were about 11 mm/min [10] . The values we calculated for transport velocity at the surface of cultured spheroids are in the same range, but 2-3 times lower compared to those measured in vivo. One possible explanation is that the in vivo techniques require the deposition of labeled particles on the mucosa, a procedure which could already act as a stimulus to the cilia. As a consequence, transport velocity might be overestimated using particle deposition techniques in vivo [11] . In our experiments, nasal spheroids had been obtained from healthy, young nonsmokers. The RF and the calculated equivalent transport velocity at the surface of nasal spheroids were lower as those observed in bronchial samples from 1 nonsmoking patient without apparent respiratory disease, as would be expected from the published data. Although CBF is one of the major factors of mucus transport, other factors such as the orientation and coordination of ciliary beating, the viscous properties of the mucus and the interaction between cilia and mucus are also involved. The measurement of CBF alone is therefore not suffi cient to predict the effects of interventions on mucus transport velocity [1] . Cultured spheroids of respiratory epithelium, as presented here, combine advantages of a classical cell culture system (i.e. standardized conditions) with the possibility to approach the complexities of mucus transport as close as possible.
One major disadvantage of the spheroid system is the fact that at present we are neither able to control for the spheroid size nor for the properties of the mucus. In addition, it is not possible to exclude unwanted donor-dependent properties of the mucus or the form of the spheroids which might affect rotation. The variability in RF values of different spheroids is quite high.
Assuming that the beating of cilia at the spheroid surface produces a constant tangential velocity, RF, i.e. the reciprocal of the time period needed for one complete rotation, should be inversely proportional to the average diameter. There was a weak relationship between RF and the size of nasal spheroids only. Other factors like a reduced effi ciency of movement because of a low number of cilia involved, or a greater viscous drag at the surface relative to the force exerted by the cilia in smaller spheroids have to be considered. and 10 -3 mmol/l caged isoproterenol at t = 2 min; two-way repeated-measures ANO-VA and Tukey test). After the initial increase, RF values decreased again, especially in the 10 -3 mmol/l caged isoproterenol group. In the medium control group, RF remained constant over time. The differences between the experimental groups did not reach statistical signifi cance. b Relative changes in RF in spheroids exposed to medium, 0.5% DMSO or increasing concentrations of nitrobenzaldehyde. The fi rst values were normalized to 1 (median values; n = 10 spheroids in the DMEM group, n = 5 spheroids in the DMSO and nitrobenzaldehyde groups). RF decreased signifi cantly in the groups exposed to DMSO and to the different concentrations of nitrobenzaldehyde (p ! 0.05 at t = 16 and 18 min for DMSO; p ! 0.05 at t = 12 min for 10 -5 mmol/l nitrobenzaldehyde; p ! 0.001 at t 6 8 min for 10 -4 and 10 -3 mmol/l nitrobenzaldehyde; two-way repeated-measures ANOVA and Tukey test). There were also statistically signifi cant differences between the 10 -4 and 10 -3 mmol/l nitrobenzaldehyde groups and the medium control (p ! 0.01).
Fig. 4. c
Relative RF in bronchial epithelium spheroids after application of medium or different concentrations of isoproterenol through a permeable membrane. RF values at t = -0.5 min, prior to the beginning of medium exchange, were normalized to 1 (median values; n 6 12 spheroids/group). During medium exchange, RF decreased slightly, probably due to a transient reduction in temperature in the chamber. Subsequently, there was a statistically significant increase in RF in the groups exposed to 10 -4 and 10 -3 mmol/l isoproterenol (p ! 0.001 for t = 2 min to t = 5 min vs. baseline in both groups, two-way repeatedmeasures ANOVA and Tukey test). In the 10 -5 mmol/l isoproterenol group and the control group, the changes were less pronounced and not statistically signifi cant. The differences between the single groups did not reach statistical signifi cance (twoway repeated-measures ANOVA). It has been shown that there is a linear rise in CBF as a function of temperature between 20 and 40 ° C. At 40-44 ° C CBF remains constant whereas it decreases at higher temperatures, probably because of hyperthermic cell damage [12] [13] [14] [15] . More recent measurements of CBF in relation to mucus transport yielded similar results [16] . The rise in RF observed in our experiments between 27 and 37 ° C corresponded well to these fi ndings. At temperatures of 39 and 41 ° C, we observed a reduction in RF that was not expected from the data on CBF. It might be that a decrease in viscosity of the surrounding mucus beginning at 39 ° C led to a loss of coupling of ciliary beat to the medium and thus to a reduction in the rotation rate. Another possible explanation might be that the signaling between cells, which mediates the coordination of cilia, was already affected at these temperatures.
To test the sensitivity of the spheroid system to pharmacological stimuli, we used different concentrations of isoproterenol. In human nasal epithelial cell cultures exposed to 10 -5 and 10 -3 mmol/l isoproterenol, CBF increases of about 9-17% have been demonstrated [17, 18] . Kurosawa et al. [13] studied the isoproterenol-induced changes in CBF and particle transport velocity in explanted lung tissue of mice. Both measures increased in a concentration-dependent manner, showing a plateau between 10 -5 and 10 -2 mmol/l, thus suggesting that at concentrations higher than 10 -5 mmol/l the maximal effect of isoproterenol on CBF is reached. The effects started 1 min after administration of isoproterenol and lasted for at least 5 min. In our experiments in the two-compartment chamber, we observed an immediate reduction in RF after application of isoproterenol, probably as a consequence of a transient decrease in temperature during the medium exchange in the chamber. The subsequent increase in RF seemed to depend on the concentration of isoproterenol, although relatively high concentrations were used. The RF responses were smaller and of shorter duration as those described for CBF and showed an increased variability.
We hypothesized that caged molecules would provide an elegant method for pharmacological interventions on rotating spheroids, as they allowed to avoid temperature effects and mechanical stimulation, which could per se alter RF [4, 19] . The experiments performed showed however that the effects of DMSO, which was used as solving agent, as well as the byproducts of caged molecules, which were released after photolysis, also had to be considered. N-(2-nitrobenzyl)isoproterenol has been shown to retain some agonist activity (10-20% that of isoproterenol), as measured via the relaxation of isolated rat mesenteric arterioles [20] . This residual ␤ -agonist activity of caged isoproterenol might have increased base-line values of RF in our experiments. Indeed, these were slightly though not statistically signifi cantly elevated compared to the control group treated with the culture medium DMEM. Unfortunately, photolysis by UV light produced a byproduct of caged isoproterenol, which is 2-nitrosobenzaldehyde [21] . This does not seem to have measurable effects on the diameter of rat mesenteric arterioles [20] . The rapid decrease in RF after the fi rst stimulatory effect of the photoreleased isoproterenol suggested that the byproduct of the procedure might have detrimental effects on RF. As 2-nitrosobenzaldehyde is not commercially available as a stable substance, we chose nitrobenzaldehyde dissolved in DMSO as a substitute with similar chemical structure. Indeed, nitrobenzaldehyde induced a steady decrease in RF in a concentrationdependent manner. These data indicate toxic effects and thus appear to render the use of caged isoproterenol unsuitable for the study of epithelial spheroids.
In conclusion, the data of the present study indicate that the measurement of RF of cultured nasal or bronchial epithelial spheroids is feasible in vitro and that this model shows a number of features that are in agreement with the characteristics of ciliary beating or mucociliary transport found in vivo or in vitro. As the spheroid system involves a higher level of cellular complexity than the study of single ciliated cells, while still being not more diffi cult to handle experimentally, it might be particularly useful for studies involving the coordination of ciliary beating and the relation of CBF to the effective transport velocity. Rotational velocity, as an easy-to-measure putative equivalent of mucus transport velocity in ciliated epithelium, seems a promising tool to be evaluated in future studies.
